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Abstract 
In the devices, where the interaction of magnetic field sources is used, it is effective to replace the electric power of a magnetic 
field with a permanent magnet. Rare earth permanent magnets based on neodymium-iron-boron are the most promising, since 
they have higher magnetic and mechanical characteristics, they are cheaper and more available. The article discusses a 
fundamentally new fluoride technology for obtaining fluoride materials, the data on the kinetics of fluorination processes of 
oxides of neodymium, iron and their mixtures are given. 
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1. Introduction 
Here introduce the paper, and put a nomenclature if necessary, in a box with the same font size as the rest of the 
paper. The paragraphs continue from here and are only separated by headings, subheadings, images and formulae. 
The section headings are arranged by numbers, bold and 10 pt. Here follows further instructions for authors. 
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In many devices, where the interaction of magnetic field sources is used, it is effective to replace the electric 
power of a magnetic field with a permanent magnet. Permanent magnet (PM), once magnetized, retains its magnetic 
moment under certain conditions of operation. According to the combination of the magnetic characteristics and 
chemical composition, among a wide variety of magnets there are following classes: ferrites, ALNICO, samarium-
cobalt and neodymium-iron-boron magnets. The latter two groups are called rare earth permanent magnets 
(REPM)1,2. 
It should be noted that REPM based on neodymium-iron-boron are more promising than the samarium-cobalt 
ones, as firstly, they have better magnetic and mechanical characteristics; secondly, they are cheaper and more 
available due to the larger and cheaper raw materials base. The prevalence of neodymium in the Earth crust 
(reserves) is 15 times more than samarium. Besides, for the production of samarium magnets, the use of such 
expensive material as cobalt is required. 
The appearance of REPM allowed to solve complex of scientific and industrial problems: the creation of 
microwave equipment and communication devices of various types, electric motors, electronic devices, audio and 
video equipment, magnetic separators and home appliances, etc. This implies that the search for technologies for 
obtaining magnetic alloys based on Nd-Fe-B in a single operation is an urgent task. 
2. Fluoride Technology 
We are developing a radically new low-waste fluoride technology for obtaining magnetic materials based on rare-
earth and transition. It includes the following process stages: fluorination of raw materials (oxides, metal 
concentrates, waste of magnetic and other productions) by elemental fluorine or other fluorinating agent, 
calciothermic or other metallothermic out-of-furnace reduction of fluorides with obtaining compact ingots of  alloys 
and ligatures, and if necessary their doping, making of magnets using the  powder metallurgy method including 
mechanical or hydride grinding, and recycling3,4. 
The main advantages of this technology are: 
x universality of fluorinating gas (fluorine), consisting in the possibility of its application for the processing of 
virtually any type of a raw material;  
x high intensity of the process and the uniqueness of physical and chemical properties of resulting fluorides. For 
example, their lower tendency to hydrolysis as compared with chlorides allows to work with them under 
atmospheric conditions and higher (2-4 times) thermal effect of metallothermic reduction of fluorides, in 
comparison with other halides, allows to conduct out-of-furnace processes with obtaining compact alloys and 
ligatures;  
x the possibility of magnetic alloys doping in the process of out-of-furnace reduction by any components which 
improve certain characteristics of the products; 
x the possibility of using large scientific and industrial experience in the suggested technology, gained in the 
nuclear industry, on the obtaining and use of fluorine,  synthesis of fluorides, metallothermic reduction, etc., and 
in creating and operating of manufacturing equipment;  
x environmental merits based on the short low-waste schemes and the possibility of fluorine regeneration.  
The schematic diagram of the fluoride technology is shown in Fig. 1. 
2.1. Preparation of Metal Fluorides  
Inorganic metal fluorides including RE and transition metals can be obtained by two groups of methods - thermal 
and hydrometallurgical5,6. Industrial methods of synthesis of fluorides for the obtaining of UF4 and UF6 have been 
widely developed in the uranium industry7. For metallothermic obtaining of REM, anhydrous ("dry") fluorides are 
required. REM fluorides, obtained by hydrometallurgical methods, are dried at a temperature of 100-150 °C and 
calcinated at 460-475 °C, as at 550-600 °C their pyrohydrolysis begins. REM fluorides are stable in air atmosphere 
even in the presence of water vapor. Obtaining of anhydrous fluorides Fe and Co by "wet" methods is impossible, 
since they are hygroscopic, and upon heating to 100 °C hydrolysis already begins to flow. As fluorinating agents, 
gaseous F2 and HF or melts NH4F and NH4HF2 can be used6. 
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HF hydrofluorination is carried out at temperatures of 600-750 °C and a large excess of the fluorinating gas (up 
to 250% of stoichiometry) in a fixed or moving bed of the product. To remove the adsorbed hydrogen fluoride by 
REM fluorides, cooling of products should be carried out in the current of inert gas. Fluorination of oxides by 
NH4HF2 or dry NH4F is  carried out in the melt at a temperature of 200-300 °C. At the same time, the intermediate 
reaction products are formed: double fluorides of REE and ammonium which when heated above 300 °C 
decompose. Complete removal of NH4F is achieved by heating to 600 °C. Thermal methods of obtaining REE 
fluorides cause them to purification only from volatile impurities, and conversely, may cause to some contamination 
of obtained fluorides by corrosion products of an apparatus. Also, these methods require more complex apparatus 
design and more expensive fluorinating agents3–6. 
 
 
Fig. 1. Schematic diagram of magnetic materials production 
2.2. Process Kinetics  
Kinetics of fluorination process of neodymium and iron oxides with the mass of 150-160 mg were performed on 
the thermogravimetric apparatus with nickel retort shown in Figure 2. The apparatus can operate in the isothermal 
conditions both in the atmosphere of pure fluorine and in the atmosphere of a gas mixture fluorine-argon or nitrogen 
at temperatures up to 600 °C and continuous recording of mass and temperature of the sample.  
Neodymium oxides, oxides of chemically pure iron and their mixtures of different composition were used as the 
objects of the studies. The studies were carried out at temperatures from 420 °C to 550 °C and under the following 
constant conditions: 
x initial mass of the sample – 150 mg; 
x gas flow rate (composition: F2 – 96-97 %, HF – residue) – 2 L/h; 
x argon glow rate – 4 l/h; 
x size of a particle – less than 100 microns. 
The results of kinetic studies and experimental data processing for the fluorination process of neodymium and 
iron oxides are represented in Fig. 3–6. 
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Fig. 2. Experimental apparatus for thermogravimetric studies on fluorination processes: 1 – electrolyzer; 2, 4, 10 – thermocouples for recording 
temperature of the electrolyte in the electrolyzer, sorbent in the column and gas in the reactor, respectively;  3 – column with sorbent (NaF); 5 – 
fluorination reactor; 6 – nickel filler; 7 – nickel core; 8 – cup with the product; 9 – thermocouples with the cup; 11 – multi-channel device for 
recording temperature of the adsorption column and electrolyzer; 12 – device for recording product temperature; 13 – device for recording 
changes in the mass of a product (DSR–1); 14 – weighing spring; 15 – measuring inductor coils; 16, 17 – flow rate rotameters;18 – cylinder with 
inert gas 
The dependence of  fluorination degree of Nd2O3 on the duration of the process at different temperatures, 
represented in Figure 3, shows that fluorination degree increases with the increasing of temperature. Thus, when the 
temperature increases from 420 °C to 550 °C the fluorination degree at the time of fluorination of 2400 s (40 min) 
increases from 14% to 93%.  
When processing the results of kinetic studies on the fluorination process of Nd2O3, a number of mathematical 
models describing the chemical processes occurring predominantly in a particular response region were used: for the 
kinetic region - equations of compressible sphere and compressible surface,  for the external diffusion region - 
Todes equation, for the diffusion region – Yander equation, for the description of processes in the initial period of 
response – Kazeeva-Erofeev-Kolmogorov equation5.  
Also, the kinetic curves for iron oxide were constructed and analogous parameters were calculated. It may be 
noted that at high temperatures (more than 500 °C), there is some melting and sintering of solid fluoride films on the 
particles of  Fe2O3 powder, hindering access of fluorine to the surface response and reducing the fluorination degree 
of the product obtained.  
The results of mathematical processing of experimental data on fluorination of neodymium and iron oxides 
according to different models have showed that the compressible surface equation gives the smallest error in the 
linearization. The order of these reactions, determined by this model, is close to one, and apparent activation energy 
Ea = (87.0 ± 7.0) kJ/mol and (43.0 ± 3.0) kJ/mol, respectively, for neodymium and iron oxides. 
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Fig. 3. The dependence of  fluorination degree of Nd2O3 on the duration 
of the process at different temperatures 
Fig. 4. Processing of experimental data according to the 
compressible surface equation 
 
  
Fig. 5. The dependence of  fluorination degree of Fe2O3 on the 
duration of the process at different temperatures 
Fig. 6. The results of the experimental data processing according to the 
compressible surface equation 
Thus, neodymium oxide is fluorinated at the moderate rates of fluorination, and iron oxide is fluorinated 
intensively with greater heat release on the response surface that causes negative consequences for the completeness 
of the conversion. We have assumed that when combining two fluorination processes of  neodymium oxide and iron 
oxide, fluorination rate will slow down and it will contribute to  more complete conversion of iron oxide into 
fluoride. 
The study results of fluorination kinetics of oxide mixtures at a temperature of 510 °C are shown in Fig. 7. The 
mixing ratio of neodymium oxide and iron oxide varied from experiment to experiment and was 20, 30, 40, 60 and 
80%, respectively. For comparison, Fig. 7 shows the fluorination results of individual oxides. The data represented 
in Fig. 7 show that the fluorination rates of oxides mixtures are much higher than the fluorination rates of individual 
oxides. Thus, in 1500 s, the conversion degree of oxides mixture with 40% concentration of Nd2O3 in the mixture, 
ceteris paribus, reached 85 wt. %, whereas for individual iron oxides and neodymium oxides – 48 and 32 wt. %, 
respectively. It should be noted that the dependence of the rate constant of fluorination process of oxide mixtures 
has rather complex nature depending on their composition (Fig. 8). 
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Fig. 7. The dependence of fluorination degree of mixtures 
of  neodymium and iron oxides of different composition on the 
duration of the process 
Fig. 8. The dependence of the rate constant of the  fluorination process 
of Nd2O3 and Fe2O3 mixture on their composition 
The curves represented in Fig. 8, show that it is maximal at 20% concentration of neodymium oxide in the 
mixture and it decreases with the increase of its concentration. The fluorination degree reaches 96-98%, whereas for 
individual iron oxide, it was only about 70%. Apparently, with this mixture composition the optimal conditions for 
the conversion of oxides into fluorides are created. This may be associated with high adhesive properties of 
neodymium oxide and its higher thermal conductivity. Its finely dispersed particles can encapsulate iron oxide 
particles, creating optimal thermal and diffusion conditions and thereby regulating the fluorination rate of oxides. 
Furthermore, neodymium fluorides can have a catalytic effect on the fluorination process of iron oxide, which 
requires further studies. 
3. Conclusions on Fluoride Technology  
Fluorination processes of various metal oxides occur in different response regions:  
x neodymium oxide - in the initial stage of the response in the diffusion region; 
x iron oxide - in the initial stage in the diffusion kinetic region; 
x a mixture of neodymium and iron oxides – in the initial stage in the kinetic region. 
Limiting stages: 
x for neodymium oxide - diffusion of fluorine through a bed of solid Nd2O3 and oxygen in a reverse direction; 
x for iron oxide - a reaction at the interface between the solid phases; 
x for a mixture of neodymium and iron oxides – diffusion of fluorine through a bed of a solid product (fluorides) 
and fluorine from the reactor volume to the response surface. 
All the considered fluorination processes are the first-order reactions with respect to fluorine. 
To describe the fluorination kinetics of these processes, the following equation is applied: 
x for neodymium oxide in the range of 420–550 °C: 
 ͳ െ ሺͳ െ ߙሻభయ ൌ ሺ͹Ͷ േ ͸ሻ ή ߬ିሺఴళబబబേళబబబሻೃή೅ ; (1) 
x for iron oxide in the range of 420–550 °С: 
ͳ െ ሺͳ െ ߙሻభయ ൌ ሺͲǤͲͺ͹ േ ͲǤͲͲ͹ሻ ή ߬ିሺరయబబబേయబబబሻೃή೅ . (2) 
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